WIS-99/32/Sept-DPP 
hep-ph/9909391 
September 1999 



New Physics Effects in Doubly Cabibbo Suppressed D Decays 



Sven Bergmann and Yosef Nir 

Department of Particle Physics 
Weizmann Institute of Science, Rehovot 76100, Israel 



Abstract 



The most sensitive experimental searches for D°-D° mixing use D° — > K + ir~ 
decays. It is often assumed that effects of New Physics and, in particular, CP 
violation, can appear through the mixing, while the c — ► dus decay amplitude 
cannot have significant contributions from New Physics and is, therefore, CP 
conserving to a good approximation. We examine this assumption in two 
ways. First, we calculate the contributions to the decay in various relevant 
models of New Physics: Supersymmetry without .R-parity, multi-scalar mod- 
els, left-right symmetric models, and models with extra quarks. We find that 
phenomenological constraints imply that the New Physics contributions are 
indeed small compared to the standard model doubly Cabibbo suppressed 
amplitude. Second, we show that many of our constraints hold model- 
independently. We find, however, one case where the model-independent 
bound is rather weak and a CP violating contribution of order 30% is not 
excluded. 
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I. INTRODUCTION 



The decay D° — > K + n proceeds via the quark sub-process c — > dus and is Cabibbo 
favored: 

A SM^ D o ^ x+7r - ) K g^v^I. (l.i) 

The decay _D° — > i^ + 7r~ proceeds via the quark sub-process c — > c?ms and is doubly Cabibbo 
suppressed: 

^(D -> oc G F \V cd V us \. (1.2) 

If D°-D° mixing is large, then there could be a significant contribution to the latter from 
D° — > D° — > K + 7i~, where the second stage is Cabibbo favored. The most sensitive ex- 
perimental searches for D°-D° mixing use indeed this process. The fact that the first- 
mix-then-decay amplitude gives a different time dependence than the direct decay allows 
experimenters to distinguish between the two contributions and to set unambiguous upper 
bounds on the mixing. 

The standard model (SM) prediction for D°-D° mixing, (Amfl/majsM ~ 1CT 16 flHl4 



is well below the present experimental sensitivity, (Amfl/mo) cxp < 8.5 x 10 14 |15|-[T9 



If mixing is discovered within an order of magnitude of present bounds, its theoretical 
explanation will require contributions from New Physics. Even more convincing evidence 
for New Physics will arise if CP violation plays a role in the D° — > K + tt~ decay PD , pT| . The 



reason is that, while the calculation of the total rate suffers from large hadronic uncertainties 
related to the long distance contributions, the SM prediction that there is no CP violation 
is very safe since it is only related to the fact that the third generation plays almost no role 
in both the mixing and the decay. 

Most if not all present analyses of the search for D°-D° mixing through D — > Kir de- 
cays make the assumption that the New Physics can affect significantly the mixing but not 
the decay. This is a plausible assumption. The SM contribution to the mixing is highly 
suppressed because it is second order in aw and has a very strong GIM suppression factor, 
m^/(M\ym c ) 2 . The mixing is then sensitive to New Physics which could contribute at tree 
level (as in multi-scalar models), or through strong interactions (as in various supersym- 
metric models), etc. On the other hand, the SM contribution to the decay is through the 
tree-level 1^-mediated diagram. One does not expect that New Physics could give competing 
contributions. 

Yet, since the decay in question is doubly Cabibbo suppressed, one may wonder if indeed 
the assumption that it gets no New Physics contributions is safe. It is the purpose of this 
work to test this assumption in a more concrete way. (For previous work on related processes, 
see |22"-pi|.) We examine various reasonable extensions of the standard model with new tree 
level contributions to the decay. For each model, we present the relevant phenomenological 
constraints and find an upper bound on the new contributions to D° —>■ K + tt~ . 



From ( |1 . 1|) and ( |1.2|) we get the following (naive) estimate for the ratio of amplitudes: 
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A SM (D° K+7T-) 




VcdVus 






VcsVud 



The value of this ratio from the recent CLEO results [jnj is about 0.058. Thus, if New 
Physics contributions to D° — > i^ + 7r~ are to compete with the doubly Cabibbo suppressed 
SM amplitude, the corresponding effective New Physics coupling Gn should satisfy 

G N >10- 2 G F . (1.4) 

In Section [TI] we investigate if this is possible in various New Physics scenarios. In Section |TJ 
we study model-independent bounds on new tree-level contributions to D° — > K +/ k~. We 
conclude in Section |TV|. 



II. SPECIFIC MODELS 

A. Super symmetry without i?-parity 

Supersymmetry without .R-parity (Rp) predicts new tree diagrams contributing to the 
decay. The lepton number violating terms \' i j k L i Qjd c k give a slepton-mediated contribution 
with an effective coupling: 

y v* 

qX' _ A 21k A 12k (2 I) 

N ~ 4V2M*(t Lk ) ' 



These couplings are severely constrained by K°-K° mixing (see e.g. [25 



KikK*2k £ 10- 9 (for M&) = 100 GeV). (2.2) 
This rules out any significant contribution to D° — > fC + 7r _ from slepton exchange in models 



of R p violation: 

r 5 T/ I ^ 3 x 10~ 8 . (2.3) 

The baryon number violating terms \"j k u c i d C jd c k give a squark-mediated contribution with an 
effective coupling 

\ " \ "* 
4v^M 2 (& fl ) 

The A223 couplings is only constrained by requiring that it remains in the perturbative 
domain up to the unification scale and could be of order unity [2D[| . The A'/ 13 coupling is, 



however, severely constrained by the upper bound on n — n oscillations ||27|| : 

|A" 13 | < 10" 4 (for M(q) = 100 GeV). (2.5) 

This rules out a significant contribution to D° — > K + tt~ from squark exchange in models of 
R p violation: 

r 5 T/ 1 £3xl(T 3 . (2.6) 
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B. Multi-Scalar Models 



Extensions of the scalar sector, beyond the single Higgs doublet of the SM, predict new 
tree diagrams contributing to the decay. 

In two Higgs doublet models (2HDM) with natural flavor conservation, there is a charged 
Higgs (H^) mediated contribution. The trilinear coupling of the physical charged Higgs to 



the Ui dj bilinear is 



ig 

L H ± = —= Ui 

V 2mw 



m Ui cot ft P L + m dj tan ft P R djH + + h.c. , (2.7) 



where mw is the mass of the W^-boson, m q is the mass of the quark q, tan ft = v u /vd is the 
ratio of vevs and Pr } l = (1 ±7 5 )/2. It follows that the charged Higgs mediated contribution 
is also doubly Cabibbo suppressed. Then, for large tan/3, the suppression with respect to 
the SM contribution is given by 



m d m s tan 2 ft 

rs^ 

GF\VcdV us \ Mjj± 



<4xl(T 4 . (2.8) 



To obtain the upper bound, we used the constraint from b — > crv p8| , |29| : 



tan/3 < 0.5 , (2.9) 

and the ranges of quark masses given in Ref . . For tan ft ~ 1 we have 

91 ms mc < io" 4 (2 10) 

G F \V cd V us \ ~ Ml ± - ■ 

To obtain the upper bound, we used M H ± > 54.5 GeV [j30| . Thus there are no significant 
contributions to D° — > K + tt~ from charged Higgs exchange within 2HDM. 

Multi Higgs doublet models with natural flavor conservation but with more than two 
Higgs doublets have parameters that are less constrained and, in particular, provide new 
sources of CP violation. There are several charged scalars that can mediate the D° — > K + tt~ 
decay. If we take the simplest case that only one of them contributes in a significant way 
(see e.g. [0), then its couplings are similar to those of Eq. ( |2.7|) except that tan. ft and cot ft 
are replaced by, respectively, X and Y . In general, X and Y are complex and, moreover, 
\XY\^l. Eq. (PI) is modified: 



G T _ m d m s \X \ 2 < _ in _, 
Gf I VcdVus I Mft± 



<W- 2 . (2.11) 



To obtain the upper bound, we used the perturbativity bound \X\ ^ 130 p2|,pT| and the 



lower bound on M#± . Note that this contribution is not only constrained to be small, but 
also it carries no new CP violating phase. In contrast, the new contribution that replaces 
that of Eq. Q2.10] ) does carry a new phase: 
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G^ m s m c YX* , A , 

A 8 c <3xl0~ 4 . (2.12) 



GF\V c dV us \ Mjj ± 

To obtain the upper bound, we used the constraint from b — > sj, \XY\ ^ 4 pif. The bound 



on a CP violating contribution is even somewhat stronger, since the measurement of b — > 57 



gives Im(X*Y) < 2 [ 331 - in any case, the contribution from charged Higgs exchange in 
multi Higgs doublet models is, at most, at the percent level. The CP violating part of this 
contribution is at most of order 10~ 4 . 

It is possible that Yukawa couplings are naturally suppressed by flavor symmetries rather 
than by natural flavor conservation ||. In such a framework, there is a contribution to 
D° — > K + -k~ from neutral scalar exchange. To estimate these contributions, we use the 
explicit models of Ref. p4]| . Here, a horizontal U(1)h symmetry is imposed. At low energies, 



the symmetry is broken by a small parameter A (usually taken to be of the order of the 
Cabibbo angle, A ~ 0.2), leading to selection rules. The scalar sector consists of two Higgs 
doublets, <p u and 4>di an d a single scalar singlet S. The effective coupling of the S scalar to 
quarks is given by 

- C s = Zfj Sq^q jL + h.c. (q = u,d, i, j = 1, 2, 3). (2.13) 

The order of magnitude of Zfj is determined by the selection rules related to the broken 
flavor symmetry: 

M q 

Z% ~ i£ , M?a ~ \Ktoi.)+'nm)+'Hfa)U) . (2.14) 
(S) 

The horizontal charges TC of the quark and Higgs fields are determined by the physical flavor 
parameters: 

\Vij\ ~ X n ^- n ^^\ (2.15) 
m(g J )~A^) +H ^ +w ^)(0 (? ). 

Using (|2.15|) we can express the suppression of the relevant Yukawa couplings in terms of 
the quark masses and mixing angles: 

|7 „, m c \V 12 \ m u d m,|\/ 12 |tan/3 , m d tcin(3 

I uc\ ~ ^ , I ««l~^)|y la |' 1 dsl ~ (S) ' 1 sdl ~ (S)\V 12 \ ' K ' ' 

These couplings give rise to various operators that induce c — > uds at tree level. For the 
leading contributions, we find 

Gfr m r m q tan Sm?,, , . 

cTO ~ ^#^4 ~ 5 x 10 (2 - 17) 

To obtain the upper bound, we used tan/3 < 130 and the very conservative bound (S) ~ 
ms > mpi/. Other models P, [55] , PBfl give a similar or even stronger suppression. We conclude 
that there are no significant contributions to D° — > K + n~ from neutral Higgs exchange 
within multi-scalar models with approximate flavor symmetries. 
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C. Left-Right Symmetric Models 



Left-right symmetric (LRS) models predict new tree-level contributions, mediated by the 
Wr gauge bosons. The relevant interactions are given by 



-C 



cc 



9r 
V2 



u 



mlMfdjRW^ + h.c. 



(2.18) 



where V R is the mixing matrix for the right-handed quarks. For a general model of an 
extended electroweak gauge group G = SU(2) L x SU{2) R x U(1)b-l, the interactions of 
Eq. (glSD lead to 



r< w R 

N 



= 9r ™w l 

G F \V cd V* s \ g 2 L m 2 WR 



yRyR* 

ca us 



VcdV* 



(2.19) 



However, in left-right symmetric models, an extra discrete symmetry is imposed. It leads 
to the relation g F = 9r and, in models of spontaneous CP violation or of manifest left-right 
symmetry, to \Vij\ = \V^\. Then Eq. Q2.19Q is simplified: 



N 



m 



w L 



Gf I VcdV* 



m 



< 



Wr 



430 



(2.20) 



where the upper bound comes from the Am^ constraint |37] . 

In SU (2) l x SU {2)r x £7(1) b-l models where V and Vr are independent mixing matrices, 
it is possible to avoid the AMk constraints |38| , |39|] . This is done by fine tuning the relevant 



entries in Vr to be very small. In particular, it was shown that in such a framework there 



could be interesting implications on CP violation in the B system |39[ . However, as concerns 
the D° — > K + it~ decay, the situation is different: the same mixing elements that contribute 
to D° — ► K + n~, that is V C ^V^*, contribute also to K — K mixing. If they are switched off, 
to avoid the Arrix constraint, the new contribution to D° — > K + n~ vanishes as well. One 
can see that independently of the details of the model by noticing that the G^ R effective 
coupling of Eq. ( |2.19| ) can be combined with the flavor- changing GfV C( iV* s coupling of the 
SM to produce a contribution to K — K mixing. Indeed, one finds for the CP conserving 
contribution [p8| : 



Tie 



r< w R 

N 



G F V cd V* 



< 0.2 



(2-21) 



and for the CP violating contribution [ 39 



Im 



G F V cd V* 



< 0.002 



(2.22) 



We learn that in such fine-tuned models, the H^R-mediated contribution to the decay rate 
could be non-negligible, but the CP violating contribution is very small. 



6 



D. Extra Quarks in SM Vector-Like Representations 



In models with non- sequential ('exotic') quarks, the Z-boson has flavor changing cou- 
plings, leading to a Z-mediated contribution to the D° — ► K + n~ decay. For example, in 
models with additional up quarks in the vector-like representation (3, 1, +2/3) ©(3, 1, —2/3) 
and additional down quarks in the vector-like representation (3, 1, —1/3) © (3, 1, +1/3), the 
flavor changing Z couplings have the form 

- C z = 9 (U% uul„u Lj - Ufj d Lil „d Lj ) Z» + h.c. . (2.23) 

— COS t/" T 



w 



Here, U q = diag(l, 1, 1, 0) V£, where Vl is the 4x4 diagonalizing matrix for M g M^ 
(M q being the quark mass matrix). The flavor changing couplings are constrained by AMx 
and AM D : 

\Uf d \ < 2 x 1(T 4 , \U? U \ < 7 x 1(T 4 . (2.24) 



The resulting effective four fermi coupling is given by 

<3xl0" 6 . (2.25) 



n z \TT d TT U 

^ \ u sd u cu\ 

GF\Vcd,Vus\ \VcdV us \ 



The same bound applies for the case of vector-like quark doublets, (3, 2, +l/6)ffi(3, 2, — 1/6) . 
The flavor changing Z couplings are to right-handed quarks, with a mixing matrix U q = 
V$ diag(0, 0, 0, 1) Vg. Here is the 4 x 4 diagonalizing matrix for M\M q . 

We learn that a significant contribution to D° — > K + tt~ from Z-mediated flavor changing 
interactions is ruled out. 



III. MODEL INDEPENDENT ANALYSIS 

We have seen that the contributions to D° — > K + n~ in various reasonable extensions 
of the SM cannot compete with the H^-mediated process. Still, it would be useful if one 
could show model-independently that CP violation in decay can be neglected. We try to 
accomplish this task for all possible tree level contributions to the D° — > K + tt~ decay. Our 
analysis proceeds as follows |[40|| : We first list all relevant (anti) quark bilinears and their 



transformation properties under the SM gauge group Qsu = SU(3)c x SU(2)l x U(l)y. If 
the two quarks have the same (opposite) chirality, they couple to a scalar (vector) boson. 
Altogether there are ten possible bilinears (plus their hermitian conjugates) that are shown 
in Tab. 1 . Here Q denotes the left-handed quark doublet, q = u,d denote the right-handed 
quark singlets, and the superscript c refers to the respective antiquarks. The examples given 
in the last column refer to the models discussed in Section [T| 

In general, the presence of a heavy boson B that couples to any of the above quark 
bilinears Bu with trilinear couplings AfL where i,j = 1, 2, 3 refer to the quark flavors, gives 
rise to the four quark operator B^Bki with the effective coupling 
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a 



CG 



\j A kl 



(3.1) 



at energy scales well below the mass Mb- {Ccg is the appropriate Clebsch-Gordan coef- 
ficient.) For intermediate diquarks, we only discuss color triplets. The discussion of color 
sextets follows similar lines. 



Bilinear B 


SU(3)c 


SU{2) L 


Y 


Couples to Boson B 


Example 


Qd c 


1 


2 


1/2 


5(1,2,-1/2) 


L (SUSY ftp) 


u c d c 


3(g)3 


1 


-1/3 


5(3,1,1/3) 


d c (SUSY %) 


Qu c 


1 


2 


-1/2 


5(1,2,1/2) 


H u (2HDM) 


QQ 


3(g)3 


2® 2 


1/3 


5(3, £, -1/3) [£=1,3] 




ud c 


1 


1 


1 


V(l,l,-1) 


W R (LRS) 


qq c 


1 


1 





V(1,1,0) 




Qd 


3(g)3 


2 


-1/6 


V(3,2,l/6) 




Qu 


3®3 


2 


5/6 


V(3,2,-5/6) 




QQ C 


1 


2® 2 





V(1,L,0) [L=l,3] 


Z (extra g's) 



Tab. 1: Quark- (Anti) Quark Bilinears 



In order to predict the rates of the relevant hadronic process one would need to take 
into account QCD corrections as well as the hadronic matrix elements. Since we are mainly 
interested in ratios between the rates due to New Physics and those from the SM, using ( P . 1| ) 
is sufficient to obtain an order-of-magnitude estimate for such ratios. 

The first entry in Tab. 1 is realized in supersymmetric models without R p (SUSY R p ): 

~ iSfl 2 1/2) 

5(1,2,-1/2) is the slepton doublet L k , with ' ' = A \ ik . As we have pointed out 
in Section |II A| , non-vanishing Af^ 1 ' 2 ' and Af} 1 ' 2 ' 1//2 ^ give rise not only to tree-level 
contributions to D° — > K + tt~ but also to K°-K° mixing, which severely constraints the 
effective coupling Gn- In this case the bound arises only from the presence of the trilinear 
couplings and supersymmetry does not play a role. The bound in ( |2.3|) is then model- 
independent. 

The second entry in Tab. 1 is also realized in supersymmetric models without R p : 
5(3,1,1/3) is the down squark d k , with Ay' 3 ' 1 ' = X'-j k . For the A" coupling, however, 
the constraint comes from the upper bound onn-n oscillations: to violate baryon num- 
ber but conserve strangeness or beauty, an internal loop with charginos is required |27 



Supersymmetry does play a role in the bound on A'/ 13 , and the bound does not hold for a 

<5>(3 1 1/3) 

generic A n ' . More generally, there is no strong model-independent bound on any diag- 
onal A^ coupling. The bound on the scale of compositeness fl30| , A(qqqq) ^1.6 TeV, 
suggests a bound for the i — 1 case, |Af} 3 ' | ^ 0.2 which implies Q^j 3 ' 1 ' 1 ' 3 ' < 0.3 Gp 

<S(3 1 1/3) 

assuming 

I A22 I ~ !)• We learn then that one could construct models which incor- 

porate color-triplet weak-singlet scalars where there is a large CP violating contribution to 
D° -> K + iT-. 
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The coupling of Qu c to <S(1, 2, 1/2) appears in the two Higgs doublet model with natural 
flavor conservation, as discussed in Section [11 BL In this model, the effective coupling is 



suppressed by the quark masses and the CKM matrix elements. But also if the doublet 
«S(1,2, 1/2) is unrelated to the generation of the quarks masses, one can derive a model- 
independent bound, which only relies on the SU(2)l symmetry: Non-vanishing A 12 ' ' 
and Afi 2 give not only a charged scalar mediated contribution to D° — > K + tt~ , but also 
a neutral scalar mediated contribution to D°-D° mixing. We are assuming that the New 
Physics takes place at a scale that is comparable to or higher than the electroweak breaking 
scale, so that SU(2)e breaking effects are not large and the masses of the charged and 
neutral scalars are similar Consequently, the upper bound on D°-D° mixing translates 



into 

,5(1,2,1/2)* ,5(1,2,1/2) 

^5(1,2, 1/2) 12 _ *12 A 21 < 1n -7« fa 9 n 

U N - /=— ~ ^ 1U Grjr, [6.2) 

too small to compete with the SM contribution. 

The coupling of the QQ bilinear to a scalar field could induce D° — > K + n~ if the 
flavor diagonal entries, i \^p' £ '>~ 1 / 3 ) anc l Af^ 3 ' 1 '' -1 ^ 3 '', are non-zero. For an SU(2)l singlet 
(L = 1), the coupling is flavor anti-symmetric and therefore Xf} 3 ' 1 ' 1 ^ 3 ' ) = 0. For an SU(2)l 

2 /3) 

triplet [L = 3), the coupling is flavor symmetric and A^ ' ' t is possible. (For 
scalar SU(3)c sextets the situation would be reversed.) However, while the Qem = — 1/3 
component mediates D° — > K + tt~, the Qem — +2/3 component induces K°-K° mixing 
and the Qem = —4/3 component induces D°-D° mixing. We find: 

,5(3,3,-1/3) x 5(3,3,-1/3) 

^5(3,3 ,-l/3) 12 _ All K 1n _ 7 n ,„ „, 

Lr N - /= 2 ^ 1U Ct F , (d.dj 

too small to compete with the SM contribution. 

Among the vector bosons listed in Tab. 1 we already encountered specific examples for 
the color singlets V(l, 1, -1) (W£ in LRS models) and V(l,3,0) (Z-induced FCNCs due 
to extra quarks). The discussion we presented in Section [II Cj can be generalized to any 



theory that contains a vector boson V(l, 1, — 1) that couples to ud c as in (|2.18|) . Note 
that the Wr (being a gauge boson) has flavor diagonal couplings in the flavor basis and 
only the charged components induce flavor transitions between the mass eigenstates, while 



the neutral component cannot mediate FCNCs. Still, as we have seen in Section [II C|, the 



contribution from the left-right box diagram to AMk and €k imposes severe constraints 
on the D° — > K + ir~ amplitude due to V(l, 1, —1) exchange and rules out significant CP 
violation in the decay. 

For the generic coupling A v< - 1,3 '°' ) we can adopt the specific result obtained in Section |ll D 



Since the argument based on the bounds from K°-K° and D°-D° oscillations only used the 
trilinear couplings (|2.23|) , it can be generalized to the generic couplings A^ 1 ' 1 ' ). Because 
all quark-antiquark bilinears that couple to V(l, 1, 0) are gauge-invariant one can easily 
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see that V(l, 1, 0) exchange induces not only the flavor-conserving effective operator BjjBij 
but also the flavor-violating operator B^Bij that gives rise to neutral meson mixing. 

For the remaining vector couplings in Tab. 1, the decay D° — > K + it~ can be induced, 
if the flavor diagonal couplings X i{ ' ' for both i = 1 and 2 are non-zero. Note that 
the intermediate vector boson carries color. Since the respective quark bilinears contain one 
SU(2)l doublet the effective operator that gives rise to D° — > K + tt~ is related by an SU(2)l 
rotation to an operator that induces K°-K° [for V(3, 2, 1/6)] and D°-D° [for V(3, 2, -5/6)] 
oscillations at tree level. Since SU{2) F breaking effects are small ||l|], the data from neutral 
meson mixing imply < {3 ' 2 ' 1/6) < 1(T 7 G F , and G^- (3,2 '~ 5/6) < 10" 6 G F , ruling out any 
significant contribution to D° — > K + n~ . 



IV. CONCLUSIONS 

We have examined well-motivated extensions of the standard model that give new, tree- 
level contributions to the D° — > K + ir~ decay. We showed that in all the models that we 
considered, strong phenomenological constraints imply that these contributions can be safely 
neglected. 

We have extended our discussion to a model-independent analysis of all possible tree level 
contributions to the decay. We found that there is only one case where a large contribution 
to D° — > K + 7i~ is possible. This is the case where two right-handed quarks, u c d c , couple 
to an S , [/(2)i-singlet scalar, 5(3,1,1/3). Such a coupling is present in SUSY without R p 
but in this model the relevant coupling is constrained by n — n oscillations, ruling out a 
contribution that is comparable to the SM doubly Cabibbo suppressed diagram. 

In our analysis, we have implicitly assumed that there are no significant accidental cancel- 
lations between various contributions to the processes from which we derive our constraints. 
It is possible to construct fine-tuned models where there is a large new contribution to 
D° — > K + 7i~ while the related contributions to flavor changing neutral current processes are 
small. 

We conclude that, in general, the assumption that New Physics effects could affect the 
D° — > K + 7i~ decay and, in particular, its CP violating part, only through D°-D° mixing is 
a good assumption and it holds to better than one percent in all the reasonable and well- 
motivated extensions of the standard model that we have examined. One could construct, 
however, viable (even if unmotivated) models where there is a new, large [(9(0.3)] and 
possibly CP violating contribution to the decay. 
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